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(54) Etch process for single crystal silicon 



(57) A process for etching shallow trenches in single 
crystal silicon is described. The process etchant com- 
prises HBr CU 02''He The process can be used with 
various mask 24 schemes including for example pho- 
toresists oxide hardmasks and nitride hardmasks. The 
process forms shallow trenches 32 typically having a 
width of from about 0 25 microns to about 1 micron and 
a depth of from about 0 3 microns to about 1 micron 
The shallow trenches 32 have rounded bottom corners 



38 smooth and continuous sidcwalls 34 and substan- 
tially flat and clean bottoms 36 For a given trench width 
the profile angle is substantially uniform across the sin- 
gle crystal silicon The trench depth is substantially uni- 
form across the silicon also In addition the profile angle 
IS substantially independent of the trench depth. The 
process can comprise one or two etch steps for etching 
the single crystal silicon The two-step etch process 
forms shallow trenches having varying profile angles 
with respect to the trench depth 
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Description 

'"Q eraser: ^nvention 'Oi^tes tc a O'Ccgss 'or oicn ra ■cor nnd '^^cre p■^^..c^ -.-ly :o rt ary etcninq process ''cr 
'OM-^i'^:; snal'cw '.'Q^c-^es -.n singio cys'.n S'l.cof^ *ci jsg -icv.-jpcoa inicq'^itoa c:rcj is 

Device isoirition tecnncloqy is c^:1.c.t n rho 'dCr.Ccii c;^ cf .-sdVrinceG iniogMtod c.rcL ts Dovice qeornetf -es rirc- 
cjrreniiy coiow'O 5 r^: crons ana nre corv.:nu:'^q :c sn*- r^K ic 3 35 'tiicrons ^rd ioss The p-'csont device geometries have 
aheady s^roassed l^e effectiveness o* a '^Lr^^te: of r\nov\r sc H'jon iechr-'iaues 

Ops sjcn known isoldlion lecnnicuo is 're ^OCCS ;'ccai cxioation cf silicon, 'ecnnique The LOCOS tecf-foque 
comprises the steps of fi, depcsitirq iayei cf Si^\_ on a silicon 3ubslr:.-iie mi^ selectively forming openings througn 
the Si^N layer by a reactive lon etching process and growing a field oxide of SO^ on the regions of exposed 
Silicon A pad oxioe iS typically provided under -.no SiN^ layer 

The -^OCOS tecnnique however has Deer found ic oe less man wnoily satisfactory for preparing <0 5 micron 
devices fo- use in hign density 'ntogratod circuits "'ms is oecause in orde^ to grov\ d hcid oxide of an adequate deoth 
tn the siiiccn openings the isolation distrsnco between the gales of ad)acent transistors must oe increased to compen- 
sate for the inherent occurrence of "bird's peak encroachment " Bird's peak encroachment occurs when oxidant diffuses 
iriterally and causes the field oxide to grow under and iift Uie 3i,N_ edges The shape of the field oxide at the nitride 
edges ^-escmbles a oiro's peak The bird's peak is an extens.on of the field oxide into the active areas of the devices 
Bird's peak encroachment mandates minimum iscialion distance requirements and allowances for oncroachm.ont of 
the active device region in the LOCOS technique This probienn limits the minimum feature size achievable in the 
LOCOS technique to only about 0 5 microns Thus the LOCuS technique is incapable of achieving the reduced device 
geometries presently being demandoci as wen as the yet smaller device geometries that will soon be demanded in 
future generation advance integrated circuits 

Accordingly the present and future generation device geometries in advanced integrated circuits require alternative 
device isolation techniques to replace the LOCOS technique One such alternative isolation technique is trench etch 
and refill Refilled trenches have been used in a number of VLSI (very largo scale integration) and ULSI (ultra large 
scale integration! applications Trencn etch and retiil processing is critical in the fabncation of electronic devices that 
exploit three dimensional structur'ai concepts such as trench isolation 

!n such trench etch and refill techniques the processes for forming trenches are characterized generally as being 
cither deep moderate or shallow trench etch processes Deep trenches typically have a depth greater than about 3 
microns and a width of less than about 2 microns moderate trenches typically have a depth of from about 1 micron to 
about 3 microns and shallow trenches typically have a deplfi of less than about 1 micron 

A trench etch and refill isolation technique that offers high performance is known as the shallow trench and refill 
isolation (STI i technique. The STI technique typically comprises the stops of (i) selectively etching the overlying mask 
material tcforrn patterned mask openings to the substrate mi;, breakthrough etching the oxide layer overlying the silicon 
substrate mi! anisotropically dry etching the substrate to form shallow trenches (iv) n or p-type doping the trenches 
(Vi removing the mask material from the substrate (vi) rctiliing the trenches with a dielectric material and (viii) per- 
forming plananzation to improve the wafer topography 

Planarization typically includes chemical-mechanical polishing and etch-back steps to remove the mask and the 
dielectric material above the original substrate surface to produce a planar surface on which to fabricate devices 

The HCtive device regions are those regions protected from the etchant by the mask material during the forrTialion 
of the trenches 

The mask material is typically a photoresist or a hardmask such as a hardmask nitride or an hardmask oxide 
Photoresist nnasks and hardmasks are typically removed frorTi the substrate by an acid stripping process During the 
cncmical-mochamcal polishing step hardmasks act as an endpoint mask to prevent undesired damage of the substrate 

It IS important in the STi technique to control the trench profile angle sidewall continuity and smoothness, flatness 
of the trench bottoms and the shape of the trench bottom corners and to nninimize the etch rate and profile microloading 
effects These faciofs are controlled by the selection of the mask material applied to the silicon substrate and the 
process parameters used to form the shallow trenches m the substrate 

The trench profile angle typically varies from r^bout 75' to about ^0" in the STI process Generally as the trench 
profile angle increases toward 90' it becomes more difficult to fill the trenches with the dielectric material without 
forming voids 

Rega'-ding the shape of the trencn bottom corners round corners are highly advantageous to minimize stress 
related defects and electrical leakage 

It IS also advantageous in device applicat:ons that the trenches have smooth and continuous sidowalis and flat 
and clean trench bottom surfaces to maintain inteqrity of the oxide and improve device isolation performance 

Profile microloading results when the cross-sectional profile of the features vary as a function of the spacing be- 
tween the features on the substrate It is desirable that the etch process produce features having uniform cross-sections 
regardless of the distance between the features or the density of the features 
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in troncn etch processes it is hIso hiqhiy dGSi'HDlo '.o :-;ch:ovo mHXimutn unifcrmily of \Uc trench dcplM and the 
trcncn pioMo nnq\c across the wafer P-rtiCijIar ly i[ is i^roforrtblo thai both Ifio trench depth nnd the troncn protilo angle 
bo substantially constrsrit between the center and the edge of the wafer A urnform trench depth enables unifor'Ti device 
pcrfornriHnco ncioss the wafer In addition it is hiqhiy desirable Ihrit the Ironch profile angle bo substantially indopcndont 
of ihe trench depth so that the trench depth docs not limit the trench profile angle that is achievable in a trench etch 
process 

Known ironch etci"; processes are unable to '^chlOve 'ho needs of closely controlling tne trench profile angle and 
the shape of the trench bottom corners forming smooth arid continuous trench sidewalls and flat and clean trench 
bottom surfaces and mimmizinq the etch rate and profHc microloading effects in a single crystal silicon shallow etch 
•-■^ process 

Accordingly there is a need for a process for etcfiirig shallow trenches in single crystal silicon that provides (i) 
rounded trench bottom corners ' ii ) a substantially uniform trench depth across the silicon ' in) for a given trench width 
H substantially unifofm trench profile angle across the silicon (ivi trench protile angles substantially independent of 
the trench depth (v) smooth and continuous trench sidewalls and (vii flat and cfean trench bottoms 

The present invention is directed to a process for etching shallow trenches in single crystal silicon that satisfies 
the above needs Particularly the process achieves (i) rounded trench bottom corners (ii ) a substantially uniform trench 
depth across the silicon (iii) for a given trench width a substantially uniform trench profile angle across the silicon (iv) 
a trench profile angle substantially independent of the trench depth tv) smooth and continuous trench sidewalls and 
{v) Mat and clean trench bottoms 

In addition the present procoss produces substantially no reentrant profile undercutting notching or trenching 

The process of the present invention comprises etching shallow trenches in single crystal silicon The process 
comprises the steps of 

(a) introducing into an etching zone a process gas comprised of at least one compound selected from the group 
consisting of chlonne-containing compounds, fluorine-containing compounds and bromine-containing compounds 
and oxygen 

(b) generating a plasma from the process gas. and 

(c) contacting the single crystal silicon with the plasma to form shallow trenches 

^0 The shallow trenches typically have a depth of from about 0 3 microns to about 1 micron and trench widths of 

from about 0 25 microns to about 0 35 microns typically have a profile angle of from about 75'' to about 90"* The shallow 
trenches are characterized as having substantially smooth and substantially continuous sidewalls a substantially con- 
stant depth across the sing e crystal silicon, a profile angle substantially independent of the trench depth and substan- 
tially rounded bottom corners 

-^i^ In the process gas the chlonne-containing compound is typically Clo This compound is the primary etchant to 

etch silicon The bromine-containing compound is typically HBr When added along with Clo this compound is the 
secondan/ gas primarily to passivate the trench sidewalls for profile angle control 

The process gas preferably comprises O2 which provides passivation and oxidizing effects and promotes the 
formation of rounded bottom corners in the shallow trenches The oxygen is typically introduced into the etching zone 
•^0 along with an inert dilutent gas such as He 

To form the shallow trenches the single crystal silicon has a mask thereon The mask can be patterned or un- 
opened The process can be used for etching single crystal silicon having a variety of mask schemes thereon including 
for example photoresist masks and oxide and nitride hardmasks An antireflectivc coating can be provided in the mask 

The cathode temperature in the etch chamber is typically maintained at from about lO^'C to about 55'C and pref- 
erably at about 60^C An increased cathode temperature produces shallow trenches having a more vertical trench 
profile reduced profile microloadinq an enhanced single crystal silicon etch and enhanced bottom corner rounding 

The pressure used in the process is typically from about 20 mTorr to about 150 mTorr and preferably from 60 
mTorr to about PO mTorr 

The inert gas and O2 are introduced into the chamber at a total flow rate typically of from about 5"o to about 30"o 
of the total process gas flow rale A high flow rate generally promotes the formation of rounded bottom corners Helium 
IS added as a dilutent for O2 typically in the ratio of He O2 of about 7 3 

The RF power level used is generally from about 200 Watts to about 750 Watts, and preferably from about 300 
Watts to about 400 Watts for 6 inch to 5 inch wafer processes A low power level reduces profile microloading reduces 
profile taper in wider trenches and increases bottom corner rounding 

The process can comprise two mam etch steps for etching the single crystal silicon The first step forms upper 
sidGwall portions having a substantially vertical taper The second stop forms lower sidewall portions having a greater 
taper than tho upper sidewall portions The second step uses a process gas comprising oxygon to provide rounded 
bottom corners in the shallow trenches 
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^■qs In- 'd ■iij5!'rtie :hG socL-onco of slops m tyo c^i snn. troncr :5cirttion cccoss 

r,g 2 liluSUrtles a shal'c/. trc-rrcn O'Ofiie ^or'^eo oy !\\o-5[c-c rum etc'-^ o-ccess -icccra to ine O'OSOf^; ^r^venvcn 

f^iq 3 MiusiratGS a sinqlG ci-ys'al 5:iicon 5uD3'.'"aie nav.nq an jnoperoa -"PL-isk therecn pricr to etcr.r.a ar.d 

F:g 4 IS a scne-ratic v ew .r verticni c^oss-sec! on of apcaratus suiiaoie ^cr practicing ;ho p-ocess Df tne p.'-esent 

invenlicn 

RGfornng to F.qs la-Id a fic^ diaqram of the sequence of stops in a typical shallow 'rench rsoUtion 3TI process 

IS illustrated 

The process is typicaJy porfornned on a patterned wafer 20 ccmpnsmq n substrate 22 and an ovcriy;nq mask 24 
"^he .llustrated nnasK 24 fornris a pattern of opcmngs 31 cn the sjcstrato 22 

The substrate 22 is cornprisod of single crystai silicon Tr^c single cysia! silicon is typically a wafer for use in 
advanced integrated circuit devices The substrate 22 has an upper surface 30 

The illustratec rnask 24 con^orises a two-layer structure The layer 26 cn the upper surface 30 of t^e substrate 22 
Can for example con^pnse a layer of a nitride material such as Si^.N^ havir.g an underlying SiO, pad oxide layer inot 
shown i disposed directly on the upper surface 30 of the suDstrate 22 A ayer 28 disposed on the layer 26 can be 
comprised for example of a photoresist material 

The mask 24 provided on the single crystal silicon substrate 22 can be varied The following exemplary mask 24 
scher-nes can be formed on the single crystal silicon substrate 22 with the first layer (which is typically a pad oxidei of 
the mask 24 being formed directly on the upper surface 30 of the substrate 22 and the remaining layers being formed 
successively on the first layer pao oxide nitride oxide pad oxide'mtnde pnctoresist and pad oxideminde 

The nitride layer typically has a thickness ol from about t 000 A to about 3000 A and preferably aoout 1500 A 
The nitride layer is characterized as having high stiffness This layer is typically deposited using a chemical vapor 
deposition iCVDi technique 

The pad oxide layer is typically formed between the substrate 22 and the mtnde layer to corTipensate for the high 
stiffness of the nitride layer The pad oxide layer typically has a thickness of from about 150 A to about 250 A 

The mask 24 can furlher compr'sc an organic antireflective coating to reduce reflective notching standing waves 
and back scattered light maximi/c photoresist exposure latitude and optimize photoresist sidewall profiles during the 
photolithography process An exemplary rTiask 24 comprising such an antireflective coaling includes the following 
layers pad oxidC' mtride antiroflective coating- photoresist 

Exemplar/ organic antireflective coatings are commercially available under the trademark "ARC" from Brewer 
Science Inc of Rolla Missouri The organic coating generally has a thickness of about 500 A to about 2500 A and 
typically about 500 A to about 500 A 

The photoresist layer 28 is patterned during the photolithograpnic process The photoresist is substantially resistant 
to etching so that the portions of the substrate 22 covered by the photoresist pattern are substantially not etched during 
the etching of the substrate 22 

Referring to Fig lb the process according to the invention comprises etching shallow trenches such as the illus- 
trated shallow trench 32 in the substrate 22 The shallow trench 32 includes opposed sidewalls 34 a trench bottom 
36 and trench bottom corners 38 The shallow trenches typically have a minimum width of from about 0 25 micron and 
can range up to about 1 micron -md a depth of from about 0 3 micron to about 1 micron For shallow trenches havng 
a width of from about 0 25 microns to about 0 35 microns the shallow trench sidewalls typically have a profile angle 
a of from about 75= to 90^ relative to the original single crystal silicon surface 30 

In accordance with the invention the shallow trench etch process typically comprises an initial breakthrough etch 
step and either a one-step or two-step single crystal silicon etch herein referred to as the "mam etch" 

The breakthrough etch step is performed to remove any native oxide from the surface 30 of the single crystal 
siltcon substrate 22 An exemplary dry etchant for the breakthrough etch step is CFj Other suitable etchants can 
optionally be used 

In the one-step mam etch process for the single crystal silicon substrate 22 a trench 32 such as shown in F^g l b 
IS etched using a selected process gas com.position and process parameters 

In the two-step main etch process for the single crystal silicon substrate 22 the shallow trench 32 is formed by 
two separate etch steps Referring to Fig 2 the first etch step forms substantially vertical upper sidewali portions 34a 
in the silicon sucstrato 22 A second etch step then produces tapered lower sidewall portions 34b and rounded bottom 
corners 38 An interface 34c can ^o^m at the location of the transition between the upper sidewall portions 34a and the 
lower sidewall portions 34b This interface can be smoothed for example by ramping the process pressure 

In accordance with the invention the one-step mam etch is preferred to the two-step mam etch for several reasons 
Firstly the one-step etch simrplifies the mam etch process by eliminating an etch stop Consequently processing time 
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c,-in be loaucod Secondly the one-stop piccoss oiimriHtos the foffn.-j'.ion of r^I^ inter fHCdnDotweo'"^ tt'io upper sidewnH 
portions ■^nd the lower 5lcicw.^li portions 

in boiti the orie-step rind the two-stop shHilcw trench etch procossos the trenches formed preferably n,-:vo rounded 
bottom comers 38 as shown in Figs lb nrnd 3 Rounded bottorr ccrricrs provide the .idVHntHQO of rmnirni/inq stress 
relHlGd defects and elcctriCHi leakage As also shown m Fiq lb it is proforablG that the shallow etch process form 
smooth rind continuous sidewalls 34. 34a, 34c and ffat and clean trench bottom surfaces 36 to i-namtairi the integrity 
of the dielectric matenal 40 ar-d imorove device isolation perfonrianco 

Referring to Fiq 1c the photoresist iayof 28 cari bo removed from the layer 26 using a conventional stripping 
solution such as H2SO4 H;-;02 prior to rotillinq the shallow trenches with the dielectric material 40 Following removal 
of the photoresist the wafer 20 is typically dipped in a diluted H^^ solution to lemovo any passivation present on the 
sidewalls 34 

The dielectric material is typically S1O2 Other dielectric materials can optionally bo used for retilling the shallow 
liench 32 The dielectric material 40 is typically deposited into the shallow trench 32 using a CVD technique As shown 
the deposited dielectric material 40 fills the trench 32 and extends above the layer 26 

Referring to Fig Id planari/ation is typically performed to remove the dielectric material 40 above the layer 26 
to make the top surface 42 of the dielectric material 40 level with the top surface 27 of the layer 26 This leveling can 
be achieved by a conventional chemical-mechanical polishing step Durinq this step the layer 26 can function as an 
ondpoint mask 

Followinq planari/ation the nitride and pad oxide are removed for subsequent device processing 

Referring to Fig 4 a reaction apparatus 50 suitable for practicing the present invention comprises an etch chamber 
52 having an etch /one 54 Process gas is introduced into the etch chamber 52 through a gas inlet 58 The process 
gas then passes through a "showerhcad" diffusor plate 60 which distributes the process gas in the etch /one 54 A 
surrounding focus ring 62 substantially maintains the generated plasma in the etch 7one 54 

A barrier or pumping plate 48 defines a plurality of exhaust holes 72a, 72b therethrough and separates the etch 
chamber 52 into two /ones namely the etch /one 54 and a non-etching zone 74 The exhaust holes 72a. 72b are in 
fluid communication with a vacuum pump (not shown) via an exhaust port 76 for exhausting spent process gas and 
volatile etch byproducts from the etch chamber 52 

The reaction chamber 50 can bo magnetically enhanced A magnetic coil 80 can be provided around the etch 
chamber 52 to magnetically enhance the plasma fronn the process gas in the etch zone 54 

In operation a patterned wafer 20 such as shown in Fig la is placed on the cathode 56 and a process gas is 
introduced through the gas inlet 58 into the etch chamber 52 A plasma is generated from the process gas in the etch 
/one 54 to etch the substrate 22 The flow of the plasma is represented by the arrows 82a and 82b 

In accordance- with the present invention the process gas used in the main etch process for etching single crystal 
silicon comprises at least one of a bromine-containinq gas a chlorinc-containing gas and a fluorine-containing qas. 

The chlorine-containing gas is typically CU This gas is the primary otchant to etch single crystal silicon 

The bromine-containing gas is typically HBr When added with CU- this gas is the secondary gas primarily to 
passivate the trench sidewalls for profile angle control 

The fluonne-containing gas can be for example SFg CF4 or NF3 

The oxygen is preferably in the form of The oxygen increases passivation of the sidewalls 34 of the shallow 
trench 32 and also oxidizes the single crystal silicon substrate 22 This passivation and oxidation enhances rounding 
of the trench bottom corners 38 

The process gas preferably further comprises an inert dilutent gas typically Ho Helium and oxygen gas mixtures, 
herein referred to as "He-Oo" are commercially available 

The process gas can comprise an effective amount of a fluorine-containing gas such as for example one or more 
of CF4 SF5 NF3 or the like to eliminate the occurrence of micromasking Micrornasking can limit the taper of the 
shallow trenches for a given feature si/e that can be achieved m the shallow trench etch process for a process gas 
comprising HBr.'Cl2'Hc-02 The addition of CF4 for example to this process gas composition can eliminate micro- 
masking and enable a greater degree of taper to be achieved for the shallow trench sidowalls For example a taper 
of less than about 75' can be achieved for about 0 3 micron features by this addition A typical process gas flow is 90 
seem HBr 30 seem CI2 20 seem He-02' 10 seem fluorine-conlaining gas 

The amount of the fluorine-containing gas that is added is closely controlled as excess additions of this gas can 
produce substantially vertical sidewalls in the shallow trenches Accordingly a fluorine-containing gas is preferably 
only added to the process gas when micromasking occurs 

The process gas is varied by adjusting the lota! flow rate of HBr^C^/Ho-Oo the flow ratio of HBr-CU and the ratio 
of the total flow of HC-O2 to the total flow of the process gas 

For 5 inch wafers the total flow rate of the process gas is typically from about 50 seem to about 200 seem 

The flow ratio of HBr-Ch is generally from about 1 1 to about 10 1 and typically about 3 1 Thfs ratio can bo varied 
to alter the shallow trench profile The HBr-CU ratio has only a minimal effect on trench profile for highly tapered shallow 





^'^e :o:.^i dev. ^^■.e cf He-C- s :yp rciily ^'Or^ ncotii 10 seen :c aocu: 4C seem -ina pfofo^^xiy frcr -icc.^t ^5 sccr^ 
:o -:ccjI 3C 5ccr"'-' A -.i-qn r-ie-C^ ticA r-:e prcr-^cies :nc forr-^^fition of rcuraec •'onct"' DOttc-f!^ co^f^o-s A t-.i^^-' -ig-O-, rlcw 
'rite niso Gnh^nccs "'^'C-^r^rput by enr^ncmq the si-^qie crysM: Simeon etcf- ■Mo \ncreas\ro *'"0 He-C^ tct.-i' ficvv r:tovc- 
dOcut 15 scc-n aoos not siqrut'Cnnily jndnqe the snrt:lcw trencn proJiie 

^or p*^0!orosi5t -^HSks the ron;n-^i otcn rriie fcr singie crystrti silicon s lyDicaiiy f^or-n .-iccut 25C0 Amirn :c doout 
40CC A mm 

The ictrjl f!cv\ o' He-O.^ is Drofor-.bly from dPout ^0''\> to dDoul 20'".- cf tno tctdi flow cf the process qas lo .-icniCve 
siqnificcini corner rci.r"{Cl:ng As the totat fiow of He-O- increases to 'more thr-in aoout 20 seem micromdSKing of etch 
byproducts d'^d polyrmers or"- the surfdCe of the smgie crystal silicon can occur 

in the two-step nam eich process He-O^ is typically cniy added to the process gas m the second -Tdin etch steo 
and not during the -'rst step The second etch step forms the bottom port:on o: i'-^e shaMcvv trenches inci jcimq the trench 
bottom corners and c-tccordingiy He-O^ is aaded aursng this step to enhance rounding cf the trencn bo'tcm corners 

The plasma is generated from the process gas lo etch the singie crystal silicon substrnte 22 m the etch steps The 
RF povvef used to generate the plasma :s generally from about 200 Watts to rsbout 750 Watts and typicaiiy about 400 
Watts A low pov\er evel provides the advantages of reducing the profile taper \n generally wider trenches reducing 
prot'le microloadinq dnd increasing trench bottom corner rounding especially :n generally wider trenches Reducing 
the power diso rcauces the etch rate of the smgie crystal silicon substrate 

The plasma can be enhanced using •■: xample electron cyclotron resonance magnetically enhanced reactors 
and inductively couclod plasma Preferabsy magnetically enhanced ion reactor is used The magnetic field in the 
reaction apparatus 50 induced by the magnetic coil 80 must be sufficiently strong to increase the density of ions formed 
in the plasma The r^agnetic field on the surface of the single crystal silicon substrate 22 is generally from about 10 
Grtuss to rtbout BQ Gauss and typically about 30 Gauss 

The pressure m the etch chamber 52 is typically maintained at from about 20 mTorr to about 150 mTorr and 
pre'erably at from about 60 mTorr to about 90 mTorr The pressure significantly affects locali/ed trenching and the 
formation of convex shaped trench bottom surfaces These undesired effects occur at low pressures due to enhanced 
ion bornbHrdmont near the trench bottom corners Excessively high pressures may prevent highly tapered profiles A 
pressure of about 60 mTorr achieves flat Uoncii bottom surfaces and tapered sidewalls The pressure used also de- 
pends on the mask scheme 

The temperature of the cathode 56 affects the shallow trench profile and the occurrence cf microloading The 
cathode temperature is typically maintained at from about lO'^C to about SS^C and preferably at about SO^C An 
increased cathode tomporaturo produces shallow trenches having a more vertical trench profile angle reduces profile 
microloading enhances the single crystal silicon etch rate and enhances trench bottom corner rounding 

The process according to the present invention achieves a high degree of etch rate uniformity of the single crystal 
silicon for various rmnsk schemes Particularly the process achieves less than about 3'\> etch rnte non-uniformity of 
single crystal silicon substiates for photoresist masks nitride hardmasks and oxide hardmasks 

The process according to the invention also achieves a high degree of etch depth uniformity in single crystal silicon 
Particularly the process achieves an etch depth non-uniformity across single crystal silicon substrates of less than 
about 3"o for nominal shallow trench widths ranging from 0 25 micron to 1 rmicron and larger 

In addition the process according to the invention achieves a high degree of shallow trench profile angle uniformity 
in single crystal silicon For a given trench width the process achieves substantially uniform trench profile angles across 
single crystal silicon substrates for nominal shallow trench widths ranging from 0 25 microns to 1 micron 



EXAMPLES 



The following examples demonstrate the efficacy of the present invention for forming shallow trenches in single 
crystal silicon 

"^hc examples were conducted using a magnetically enhanced reactive ion reactor and in pHrticuiar either a 5 
inch or 8 inch MxP -olysilicon etch chamber on a "Precision 5000" platform available from Applied Materials Inc 
Santa Clara California 

The wafers tested were 6 inch i 1 50 mmj (Examples l -22) and 5 inch (200 mm) ( Examples 23-37 , single crystal 
silicon wafers having a 1 1 00) orientation Several wafer mask schemes were evaluated to determine their influence on 
the orocGSS results 

Following perlormance of the etch process the wafers were evaluated Particularly the trench depth trench width 
and trench profile including the Side wall profile angle bottom flatness and bottom corner --oundness were determined 

using an Hitachi Model S-4500 scanning electron microscope ' SEM) In addition the selectivity ( Si mask > of the ctchant 
was evaluated using SEM photomicrographs and a Promelnx Model U\/-1050 thm film thickness measurement system 
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ExrHtnpiGs 1-12 

In Exrti^plGS l-":2 ri hHidrrsriSK oxide wh5 formed on the sinqio ctysirtl si'icon wnfors The mask jsod 'H those 
oxarnples coiripfisod the following Uyors in succession on the single crystni silicon subsfralo 110 A pnd oxido 2000 
A 3iN-l50C A oxide The mask whs pdUernod The process conditions used nre presented in TABLE 1 hs follows 
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In ExHFTTples 1 -3 a one-step main etch process ("M E ") was performed on the masked wafers The process gas 
comprised HBr-CU and no HC-O2 Example 1 constituted the initial process setup. Trenching and bowing occurred 

In Example 2 the pressure was reduced to 20 mTorr and the etch time was reduced to 70 sec The trenches 
exhibited a vortical profile and a shallow depth of only about 3700 A 

The etch time was increased in Example 3 to correct for this shallow trench depth The trenches had a vertical 
profile, sharp non-rounded bottom corners and an increased depth of about 4000 A 

In Examples 4 and 5 a two-step mam etch process was performed on the wafers using a HBr/CU process gas 
"M E 1 " represents the tirst mam etch step and "M E 2" represents the second mam etch step 

Example 4 was conducted to attempt to increase the doqfoc of rounding of the trench bottom corners Increasing 
the HBr CU ratio in the second mam etch step caused no significant improvement in bottom corner rounding A profile 
angle of about 89 5" and a trench depth of about 4000 A resulted 

Decreasing the HBr^CU ratio in the second main etch stop in Example 5 also had no measurable effect on bottom 
corner rounding A slightly bowed profile also resulted 
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r- Exr!'^-p.G 6 ^c-C^ .VHS^Odec 'c :-^c crccoss das 0 secoi^c -i"? o'c^ stec v ^nc- -^o-C ^ -jcc : c- -"ic'--. c::: 
■^"o T-.'^a-^oss c I'^-j ^-or^ch ccL*om rc-^o^s :z--^o-i'oc 'c Exn'^pics " -5 'i /.'-^ c- ^'---3- -. -.s -^cJOec V"'^ L/TCOss 
2,r-is A :^erc'" prc'-o single o' nbou! 55-^ -5^' -ira -i uenc"^ cect'^ aDCj! -J-350 A -Ae'e no.-isu'ea 

Ex.-!-"^[:io 7 I'-^C LiOoa c-nly Singio '^mn otcn stop l.Si'-'C; -3f C'-- Hc-Oj; p^cco55 a^s Tne ros^ : --q •.rcnc'^es die 
net n.-^, e .-i vertiCr:- Ice SiOewar port'C-ns Micro?r=-i5Mnq so occur^oa 

Ir Exar-^pie 5 tno seconc mcur^ eicr. stop !:rT^e was increased ana tne .\tPc o' :re jrne of iho tirs: s:oc to me : r-no 
cf the secc'-^G stec .VrtS dec-ensed ^he •esultart sf^hHcA\ trenches had an L-pper sdcv.ail porticn rinqic ct greaiei !?--an 
97' anc irrprovcc Pctto-Tn corner rcu'^ding as compared to Exampio 5 

Example 9 reduced the flow ratio of hBr C\- m the second mam eich step from 3 T to i 1 No monsurabie effect 
on trench bottOfTi corner rounding resulted In addition a snghtly bowed orot'ic occurred 

Example 10 increased the tola: few rate of He-C2 '^"^ second mam etch step frorTi 10 seem tc 20 seem ^he 
increased flow rate of He-02 improved trench bottom corner rounding 

Exc-impio 11 was conducted to determine the effect of reducing the power m the second m,am etch step fror'i -iOO 
Watts to 200 Watts No measurable (mprovemont 'n the shrillow trerich profile resulted 

Exampic 12 examined the effect of increasing the applied riiagnetic ^eid m tno second mam otcn step from 30 
Grtuss to 100 Gauss An enhanced taper of the sidewati bottom portions resulted 

Examples '3-17 

Examples 1 3-17 were conducted to evaluate the effects of a photoresist riiask on the shallow trcncnes formiod m 
the etch process ^he mask used m those examples comprised the following layers in succession on the smgie crystrii 
silicon substrate nO A pad oxide. 2000 A Si^N^, 3100 A photoresist The mask was patterned The process conditions 
used m these exarmples are given in TABLE 2 below 
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In Examples 13-16 the etch process comprised a single main elch step and the process gas comprised HBrClj 
and no He-Oo Example 13 was the initial process setup Highly tapered trench sidowails having an angle of less than 

50' wore observed 

In Example 14 the pressure was increased from 20 mTorr to 50 mTorr A slightly tapered profile of about S?'' and 
a trench depth of about 4150 A were produced 

In Example 15 the pressure was increased further to 90 mTorr An enhanced vertical profile of greater than 57'' 
was produced 

In Example 16 the pressure was increased further to 100 mTorr Slightly reentrant and very shallow trenches 
having a depth of about 2650 A resulted 

Example 17 comprised a two-step mam etch He-Oo was added to the process gas in the second etch stop The 
resulting trenches had a depth of 4600 A an improved profile with vortical upper sidowall portions having an angle 
greater than about lower sidewall portions tapered at about 77'' and rounded bottom corners 
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Exnr^--iQs ''r-22 -:•-■-:! ^.-1:03 :-"e etT'ecis cf r-i nr^rarT-dSK n-t'.do on tne 5r.riilc'»\ trencnes 'or-TGd :^^e e:cr prccc-ss 
Tro '^riSK jsoa \r t*-C5C- ex^'^■cies cor^c^^soa '^--o 'olicamq rsyors r succession on the Sing'G rrystri: s cc" s-^csUh'-C 
liC A Dcic cx ae 2C0C A '-n-d n.tride "^he .-^ris^ "Ans Lirtttc^'ca "he process conditions used n these exH'To-es .-I'C 
given :n "^ABlE 3 as !o-ov\s 
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In Examples 1 5 -20 the clcn process comprised h single '-nam etch step and the process gas compi sed HBr CU 
and no He-O-. Exannpie 15 was the initial process setup Higr.ly tapered trench sidowalls were produced 

In Exannpie "IQ etch time was reduced and the pressure was increased to 100 mTorr The resulting trenches were 
shallow having a dcptn of about 3500 A and had a slight "S" shaped profile 

In Example 20 the etch time was increased to that of Example 15 and the pressure was reduced to 50 r-nTorr 
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TI-:o tronchcs hnd .-i profiio .-mqlc cf So^ shqh! noichinq .-ind n doplh o! hdcliI 5=50 A 

\n ExHfT^plGS 2"; ^Ild 22 h Iwo-slop rUHin otcn \\',-iS used to HiCrc-iSC the toundnoss cf the trench bottoin corriofs 
"^ho shnllow tronch05 formed :n ExHrnplG2l showed no improved prctifo with vcrtiCHl upper sidewnll portiorns nnd round 
bottofp cornc'S Roducmq the prossuro !o 20 mTcrr in tho socona etch step in Exnmpic 22 formed upper siaowail 
oortions hnvinq h pjotilc Hnqlc grcnter thnn about 57^ and fmprovod tho smoothness of the bottom corners 

ExHmpios 1 -22 demonstrate the effect of tho mnsk scheme on the results of the etch process riccordinq to the 
itTvenlion For identical HBr CU- He-C- procoss conditions the trencn sidcwall profile anqlo nnci trench bottom corner 
rounding increase ne taper decfeases) m the following order photoresist hHrdmask nitride h^rdmrtsk oxide Also 
the etch rate for photoresist is lower than for hardmask nitride and h;irdrnask oxide 

Examples 23-33 

In Examples 23-33 single crystal silicon wafers having an opened mask thereon were evaluated The mask com- 
prsscd tho following layers formed successively on the single crystal silicon substrate 1 50 A padoxide/2000 A hardmask 
nitride 800 A antircfloctivc coating/5000 A photoresist Tho procoss conditions employed arc presented in TABLE 4 

as follows 
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Those oxrifTiplcs wciG condLictoa to oxHminc the offocts of HoC^ flew pressuie Rh powot --tnd cnthodo 'ompcr- 
.■^tu^o on the 'GSultHnt sfiHllow tronch prclilc nnd on rTiicroloHdinq offocts 

A broaKlhrouqh otch stop was usod in ExHrnplos 23-25 and 30-33 to remove any rcrrir-iining pad ox'dc resulting 
frorr the ptoliminHry masK open process ^nd any native oxide on the sirqie crystal Silicon surface The otchant used 
in this step was CFj 

Example 23 was per^orrnod to scale up to the 8 inch wafer si/e process based on two-step 6 inch process condi- 
tions The process qas comprised HBr-CU He-O- NF-. ir^ the mam otch step 

Example 24 comprised a two-step mam etch lo attempt to obtain vortical upper sidewall portions and rounded 
tronch bottom corners One-stop mam otch processes were performed in Examples 26 and 27 in which Ho-O^ was 
not added in the process gas and m Examples 25-25 nnd 30-33 in which He-O^ was added in tlie process gas 

The results from Examples 23-33 demonstrated that the He-Oo flow pressure RF power and cathode temperature 
hrive varying effects on the resultant shallow trench profile and on etch rate microloading 

The results for Example 33 are given in TABLE 5 and TABLE 6 below 



so 



TABLE 5 



EXAMPLE 35 TRENCH PROFILE ANGLE* 



TRENCH WIDTH (umi 



PROFILE ANGLE 



Center 



Edge 



25 



0 3 



55^ 



65^ 



"Data obtained from 3EM photos 



0 3 



55 = 



55 = 



0 5 



85" 



1 0 



75 = 



77 = 



open 



74= 



77 = 



TABLE 6 



EXAMPLE 35 TRENCH DEPTH NON-UNI FORMITY1 



TRENCH WIDTH -41^) 


0 25 


0 3 


0 3 


0 5 


1 0 


open 


DEPTH (A) 


Center 


3Q40 


3940 


3940 


4040 


4060 


3940 




Edge 


4150 


4190 


4190 


4300 


4250 


4110 


NON-UNIFCRMITY (max-min)/(2)(avg) 


2 6"o 


3 1 °o 


3 1 


3 1°o 


2 3'^o 





' Data obtained from SEM photoc 

Trench depth uniformity. 4.4 . (m.ix-mtni (2 x average from all trench depth data in TABLE 61 
Etch rate 2670»^ min (evaluated uGing SEMi 

Profile smooth continuous side-.\.-ills round bottom corners flat trench bottoms no bO'.'.mg (evaluated using SEMi 



As shown in TABLE 5 the one-stop main etch process of Example 33 achieves for a given trench width highly 
uniforrTi profile angles across the single crystal silicon substrate, especially for nominal trench widths ranging from 0 25 
microns to about 0 30 microns 

As shown in TABLE 6. the process parameters of Example 33 also achieved a high degree of trench depth uni- 
formity for nominal trench widths ranging frorTi about 0 25 micron to about 1 0 micron and in open trenches The tronch 
depth non-uniformity was no greater than about 3 1*^0 for this range of trench widths In addition the shallow trenches 
exhibited smooth and continuous sidewalls round bottom corners flat bottoms and no bowing 

An etch rate of about 2670 A/m\n for the single crystal silicon substrate was measured in Example 33 

Regarding the Ho-Oo flow the results for Examples 23-33 demonstrated that a high HC-O2 flow rate achieves 
rounded trench bottom corners In Example 33. an etch rate of about 2670 A-min was achieved for a He-02 flow rate 
of 15 seem 

Pressure was demonstrated to have an effect on eliminating convex trench bottom surfaces and sharp bottom 
corners in wider trenches A higher pressure eliminated the formation of convex bottom surfaces An excessive pres- 
sure however can be detrimental to trench sidewall taper In Example 28 a pressure of 60 mTorr in the main etch 
step achieved flat trench bottom surfaces for all trench sizes and highly tapered sidewalls having angles of about 50° 
for nominal 0 25 micron trenches and about 65' for 1 micron trenches 

The Examples further demonstrated that a high cathode temperature improves sidewall taper and reduces profile 
microloHdinq In order to minimize profile microloading betweerT the nominal 0 25 micron and nominal 1 rTiicron features 
of Example 25 the cathode temperature was increased lo 60=G in Examples 31 -33 The resulting trench profile angles 
improved to about 55^ for the nominal 0 25 micron trenches and to about 73' for the nominal 1 micron trenches In 
addition trench bottom corner rounding was increased 
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pcvve- 'GG^CGC C'cr le triocr mofe erfoctiveiy cr :re vvdc uorcros :^^<-in or tro nri-rc^v t^orches LO\a ocwor -liso 
ncrcrisoa ccttcm cc'-^ef ro-jna.f^q in Excuriple 33 A 'oaucoa smgic jrysini Sii-cof oicr; rrito c' -iDc^t 267C A i^ir .-i.so 
•csL;tea As snc-.V' -.'i ^ABLE 5 n pro'vo --inglG of ro' wss -icn o'voa r tho fcrrmrii 0 25 '"^.CC' t.'oncrcs rina h profile 
c-inqiG ot riDCji 77'' Wds achievea ir tne riormnri. l 'T^iccn i-encres 

Scmo •^ctc'^ing vVrtS oDSGrved at the top of tre fonch cro^'ios m Exri-ripios 23-33 Th 5 -^,^^8 oaused cy "^eavy 
poiyrror depcsit-on the mas^ pnor tc the rnam '.'•Gnch ctcn ana by rrsask ercs.cf! aLir;nq t-e nam trencn etcn 

A noavy sidewai! aopos;ticn was formed by nc '"Pcisk opon p-'ocess it i5 Dei ovod tnat s aewalf dopositon --vas 
hGriviG^ n tro wider open rireas Conscquontly the aepcsited polymer was eroded durinq tho main irericn etch and 
larger notcnea corners were oosea'ed >n the wider trenches 

!n ddditicn some residue caused by micromask^ng was observed "Tms res^dje is believed to have been caused 
oy nn mccmpicte nitride mask open p-'ocoss 

Exar-npics 34 nnd 35 

A combined in-situ mask open ana shallow trench etch process was evaluated for two wafers As dopicled m Fig 

3 in Examples 34 and 35 the mask formed on the single crystal siiicon subst'-ate 22 comprised the following successive 
layers prta oxidG 90 nitride haramask 92 antirefiective coating 94 photoresist 96 Tnese layers had the fcilcwing thick- 
nesses 1 50 A pad cxidc 2000 A nitride hardmask 500 A antirefiective coating-7500 A photoresist The patterned oho- 
■orcsist layer defined openings x sized from about 0 25 micron to about 1 micron The process conditions used are 
given --n TABLE 4 

The antirefiective coating "BARC") was Gtched using a CF_j. He-02 etchdht The nitride layer was etctied using an 
SF^ etchant in a mam etch step and an overetch i"C E "i stop In the mairi etch step for the single crystal silicon 
substrate to form shallow trenches the etchant comprised HBr CU He-O^ 

The etch rate and selectivity results for the antirefiective coating and nitride etch stops of Examples 34 and 35 are 
presented in TABLE 7 below 
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Briseo on Examce 35 to p'cccss -^ccora-^q to ihe nveniicf^ s Hin effect. vg m-s.lL. mnSK cocr. -ra s'*.-i 'C'.\ :'0''-cn 
o:c^" process for smq'e crysirii 5 iicon -.v^jfc^s 

'^^r^s tr,G p'esGn: crocess 'or etcr.nq snrtilow 'rencr'os n 5!'"i::ie cysin. s'rr^ccn ,-icf" eves : rcjr^dec '/c^cn oc;*or^ 
corners i m ^ 5 jD5lHr: aily unforrr. trercn oeptr ricrcss ine silicon iih for a given Irencn w.cJm -i sutsi.-.nt ^ y ..nron^ 
trench depth and trc'^c^^ prctue angle across tne sirqio c^ystai sMiccn ; ivi a trench prcr anqie SLjDstaf't.c: iy ndeponc- 
cni of '-he trench depth ^v. smooth and conlinuous ircncn staewai'S and ;v.. :';at and c-.ear trc'*ich cct'.o^^s 

in addition the present process produces substani'aily no 'eentrant prot;;e undorcLti.rg notch nq cr :-ench.r^g 
Furthermore the present process can be used to etch sinqie crystal smcon havmq difteront m^sk schemes 
The present process can comprise one or iv^o mam etch steps depending on the desired shallow trench prcf::e 
A;so the present invention provices an effective fh-suu mask open ana shailovv trench etcn p-occss ''or S'ngie 
crystal Silicon wafers 

The present invention has been aescnbed m considorablo detail with reference to ce-lmn p^ofor'oa Gmoodirhonls 
thereof however other embodiments rtre possible Therefore the spirit ana scope of the appended C!a;ms should not 
be limited to the description of the preferred embodiments coniainea heroin 



Claims 

1. A process for etching single crystal s:licon compr-smg the steps of 

'a:i introducinq mto an etching zone a process gas comprised of HBr Cl^ and oxygen 
(b j generating a plasma from the process gas rind 

ic) contacting the single crystal silicon with the piasma 

2. A process as claimed m claim 1 wherein the process gas further comprises a fluonne-containing gas 

3. A process for etching shallow trenches in single crystal silicon the process comprising the stops of 

'a) placing into a chamber single crystal silicon having a patterned mask thereon 

ib) introducing into the chamber a process gas comprised of at least one compound selected ■'rorn the group 
consisting of chlonne-containing compounds fluonne-containing compounds and bromino-contaihirg com- 
pounds and oxygen 

i.c) generating a plasma of the process gas in the chamber and 

id) contacting the single crystal silicon with the plasma in the chamber thereby etching shallow trenches in 
the single crystal silicon 

4. A process as claimed in claim 3 wherein the bromme-contammg compound comprises HBr and or the chlorine- 
containing compound comprises Clo 

5. A process as claimed in claim 3 or claim 4 wherein the flucnne-containing compound comprises a compound 
selected from the group consisting of CF4 SF^ and NF- 

6. A process as claimed tn any one of claims 3 to 5 wherein the process gas comprises HBr Clo and oxygen 

7. A process as cla;med in any one of claims 3 to 6 wherein the mask is selected from the group consisting of 
photoresist masks oxide hardmasks and nitride hardmasks 

8. A process as claimed in any one of the preceding claims wherein the process gas comprises nnd optionally 
an inert gas 

9. A process as claimed in claim 5 wncrein the mert gas is He 

10. A process as claimed m claim 9 or claim 9 wherein the process gas comprises HBr Ci^ and an ef'octivo amount 
of the fluorine containing compound to substantially eliminate micromasking 

11. A process as claimed in any one of claims 3 to 1 0 wherein the shallow trenches nave a depth of fror-n about 0 3 
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nucions to '-ibout i micron 

12. A prccGSS HS cinitnGCi in nry one of cinims 3 lo 1 1 vvheiein the shnilow trenches have ri widtti of fforn aoout 0 25 
micions to nbout 0 35 rriicfons r^nd h sidowHil protitc nnglo of from nbout 75" to nbout ^0"* 

1 3. A process as clHimed m <-iny one of cimrTis 3 to 1 2 wherein the shnllovv tror^ches hnve substantially rounded bottom 
corners arid substHntiaily flat bottOfns 

14. A process as ciaimed in any one of claims 3 to 1 3 wherein the shallow trenches cornpriso substantially smooth 
and substantially corTtinuous sidowalls 

15. A process as claimeo in any one of claims 3 to 14 wherein the shallow trenches have a substantially constant 
depth across the single crystal silicon 

16. A process as claimed in any one of claims 3 to 1 5 wherein the shallow trenches have a sidcwall profile angle 
substantially independent of the depth thereof 

17. A process as claimed in any one of claims 3 to 16 wherein the stop of placing comprises placing the single crystal 
silicon on a cathode having a temperature of from about lO^C to about BS^C 

18. A process as claimed in any one of the preceding claims wherein the pressure m the chamber is from about 20 
mTorr to about 1 50 mTorr 

19. A process as claimed in any one of claims 5 to 18. wherein the inert gas and O2 nre introduced into the chamber 
at a total flow rate of from about 5"n to about 30"o of the total flow rate of the process gas 

20. A process as claimed in claim 6 or claim 7 wherein the flow rate ratio of HBr to CI2 is from about 1 1 to about 10 1 

21. A process as claimed in any one of claims 3 to 20. wherein the step of generating a plasma comprises applying 
an RF current having a power level of from about 200 Watts to about 750 Watts 

22. A process as claimed in any one of claims 3 to 21 wherein the step of contacting comprises substantially aniso- 
tropically etching the single crystal silicon to form shallow trenches 

23. A process for etching trenches in single crystal silicon the process comprising the steps of 

(a) placing into a chamber single crystal silicon having a patterned mask thereon. 

(b) introducing into the chamber a first process gas comprised of HBr and CI2 
!c) generating a first plasma of the first process gas in the chamber 

(d) contacting the single crystal silicon wfth the first plasma in the chambertoetch upper trench portions having 

upper sidewati portions of a first profile angle in the single crystal silicon 

te) introducing into the chamber a second process gas comprised of HBr. CI2 and oxygen. 

tf) generating a second plasma of the second process gas in the chamber and 

ig) contacting the single crystal silicon with the second plasma in the chamber to etch lower trench portions 
having lower sidewall portions of a second profile angle in the single crystal silicon 

wherein the upper sidewall portions and the lower sidewall portions comprise the sidewall of the trenches, 
and the trenches comprise a trench bottom and bottom corners 

24. A process as claimed in claim 23 wherein the second process gas cornnpriscs Oo and optionally an inert gas 

25. A process as claimed in claim 23 or claim 24 wherein the first profile angle is greater than the second profile angle 

26. A process as claimed in any one of claims 23 to 25 wherein the bottom corners of the trenches are substantially 
rounded 

27. A process for etching shallow trenches in single crystal silicon the process comprising the stops of 
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(54) Etch process for single crystal silicon 

(57) A process for etching shallow trenches in single 
crystal silicon is described The process etchant com- 
prises HBr Cl.y02'Ho. The process cnn be used with 
various nnask 24 schemes including for example pho- 
toresists oxide hardmasks and nitride hardmasks The 
process forms shallow trenches 32 typically having a 
Width of from about 0 25 microns to about 1 micron and 
a depth of from about 0 3 microns to about 1 micron 
The shallow trenches 32 have rounded bottom corners 



38 smooth and continuous sidewalls 34 and substan- 
tially flat and clean bottoms 36 For a given trench width, 
the profile angle is substantially uniform across the sin- 
gle crystal silicon The trench depth is substantially uni- 
form across the silicon also In addition the profile angle 
IS substantially independent of the trench depth The 
process can comprise one or two etch stops for etching 
the single crystal silicon The two-step etch process 
forms shallow trenches having varying profile angles 
With respect to the trench depth. 
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